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IntroductiMi 

Control  of  molecular  weights,  polydispersities  and  terminal 
functionalities  can  be  accomplished  in  radical  polymerization  in  systems 
with  the  equilibiatiaa  between  active  and  donnant  tpecies'.  One  of  the 
appioaches  is  based  on  the  levenibte  reaction  between  growing  radicals 
(Pn*)  and  scavengiag  radicals  (R*)  to  form  covalent  species  (Pg-R).  The 
first  system  of  this  type  was  based  on  dithiocartaamaie  derivatives^. 
However,  in  addition  to  the  clean  reversible  homolydc  cleavage  of  the 
covalent  spedm,  some  side  reactions,  e.g.  attack  of  growing  radicals  on 
covalent  species  via  degndative  transfer,  and/or  slow  initiation  with 
R2NCS2*  tadicais  were  also  repaneiP>^.  These  reactions  did  not  allow  the 
formation  of  well  defined  polynm  with  dithiocarbaiiiate  derivatives. 
Apparently,  alltoxyunines  behave  in  a  more  chemoselective  way.  Nitroxyl 
radicals  ia  not  initiate  polymerization  of  alkenes  and  the  contribution  of 
side  reactions  is  less  important.  Alkoxyamines  have  been  used 
successfully  in  the  synthesis  of  well  defined  oligomets  based  on  acrylic 
monomers^  at  temperatures  lower  than  lOO^C  Under  these  conditions  it  is 
not  possible  to  adopt  this  system  for  polymerization  of  styrene.  Welt 
defined  polystyrenes  can  be  prepared  in  the  presence  of  nitroxyl  radicals  at 
temperatures  above  1200C.  It  has  been  already  reported  that  in  the 
presence  of  alkoxyamines  prepared  in  situ  by  reacting  benzoyl  peroxide 
with  small  excess  of  2,2,6,6-teiiamethylpiperidine-l-oxyl  (TEMPO)  as 
scavenging  radical,  well  ^fined  polyst^nes  with  molecular  weights  up 
to  Mn»100,000  could  be  obtained". 

We  have  previously  reported  that  the  spontaneous  thermal 
polymerization  of  styrene  can  be  controlled  in  the  presence  of  various 
sia^  radicals^.  Initially,  polymerization  is  inhibited  by  these  radicals  and 
it  starts  after  an  induction  period,  when  nearly  all  suble  radicals  are 
consumed.  The  induction  pem  and  the  rate  trf  the  subsequent  controlled 
propagation  deperxls  on  temperature  and  coocentratioa  of  the  scavengers. 
Molecular  weights  ate  controlled  by  the  amount  of  the  scavenger  and 
polydispersities  ate  relatively  low  (M«/Ma<1.3).  In  this  paper  we  present 
results  of  additional  studies  on  the  effect  of  the  concentration  of  the  nature 
and  concentration  of  nittoxy  radicals  and  the  nature  and  concentration  of 
the  radical  initiators  on  the  kinetics,  evolution  of  molecular  weights  and 
polydispersities  of  polystyrenes  prepared  at  various  temperatures. 

Experimental 

St^ne  (Aldrich),  was  passed  through  a  short  column  of  neutral  aluinina, 
then  fractionally  distilled  under  reduced  pressure.  2,2,6.6- 
Tetramethylpiperi^ne-l-oxyl  (TEMPO)  was  purified  by  sublimation. 
Polymerization  initiators  (benzoyl  peroxide,  BPO,  and  2,2'-azobis(2- 
methylpropionitrile),  AIBN)  were  purified  by  recrystallization  from 
metharxrl/chloroform.  and  diethyl  ether,  respectively.  Molecular  weights 
and  molecular  weight  distributions  were  determined  by  gel  permeation 
chtomatogtaphy  (CPC),  using  a  Waters  SIO  pump  equip^  with  a  410 
different^  leftactometer  and  photodiode  array  UV  detKtor,  using  THF  as 
eluent  with  a  flow  rate  of  1.0  mL-min'i  and  with  three 
ULTRASTYRAGEL  columns  (100  A.  SOO  A,  and  Linear)  in  series.  The 
molecular  weight  calibration  curve  was  obtained  using  polystyrene 
standards. 

PDlvtnerizatinna 

All  polymerizations  were  carried  out  in  sealed  vials,  under  argon.  In  a 
typical  procedure  for  the  thermal  polymerization  of  styiene  in  the  presence 
of  0.1M  TEMPO,  0.234g  (I.SxIO-3  moles)  TEMPO  were  dissolved  in  IS 
mL  firesly  distilM  styrene,  under  argon.  Then,  aliquots  (3  mL)  were 
removed  and  added  to  ampoules  which  were  sealed.  The  mixtures  were 
polymerized  at  the  desired  temperature  (1 10-I30"C)  for  different  time 
penods.  After  the  polymerizations,  the  contents  of  the  ampouled  were  first 
diluted  with  small  amounts  of  tetrahydrofuran,  then  pouted  into  methanol. 
The  precipitated  polymers  wete  filtered  and  dried  in  vacuo  ovemighL 
Small  portions  were  then  analyzed  by  CPC. 


Results  and  Discussion 

Thermal  polymerization  of  styrene  is  initiated  by  the  reactive 
intermediates  generated  by  the  Diels-Alder  dimerization^.  This  was 
confirmed  by  trapping  experiments*  with  nittoxy  radicals.  The 
contribution  of  the  thermal  initiation  nuy  be  decreased  in  the  presence  of 
acids  and  bases  which  accelerate  isomerization  to  the  inactive  dimer.  This 
generally  leads  tt>  slower  polynrnzation  and  higher  nnolecular  weights 
Nevertheless,  the  thermal  initiation  cannot  be  suppressed  completely. 
Polymerization  in  the  presence  of  large  excess  of  scavengug  radicals 
cannot  occur  because  they  react  very  rapidly  with  propagating  tadicais 
(with  difiusion  controlled  tale  constants  k  •  10*niarlx-s'l)ll.Thus.  the 
onset  of  styrene  polymerization  is  observed  when  concentration  of  tadicais 
decreases  from  [TEMPOl'lO'^  mol/L  to  ccKk^mol/L  and  initially  orange 
solution  becomes  nearly  colorless.  The  consumption  of  TEMP(3  can  te 
accomplished  either  by  adding  the  sufficient  amount  of  the  radical 
initiators  such  as  AIBN  or  BPO  or  by  simple  thermal  process.  Hgutes  1 
and  2  show  the  kinetics  of  polymerization  of  styrene  m  the  presence  of 
(TEMPOlo^.Ol  and  0.03  mol/L  and  radical  initialon  [BPOj^.Ol  and 
0.03  mol^  (AIBNlo^.Ol  and  0.03  mol/L,  as  well  as  in  the  absence  of  the 
initiator  (pure  thenrul  initiation).  Induction  periods  clearly  depend  on  the 
amount  of  the  initiator  but  the  slopes  of  the  stationary  peti^  dqpend  only 
on  the  initial  concentration  of  the  scavenger.  If  the  concentration  of  the 
initiator  is  higher  than  that  of  TEMPO,  no  induction  period  is  observed 
during  which  excess  of  radicals  is  terminated.  Next,  is  the  sutionary 
period  in  which  controlled  polymerization  occurs.  If  concentration  of 
radicals  generated  by  the  initiator  is  lower  than  (TEMPO]o  or  no  initiator 
is  added,  the  induction  period  is  observed,  during  which  spontaneous 
thermal  initiation  must  generate  the  amount  of  radicals  compinble  with 
[TEMPOIo-  Nevertheless,  after  the  stationary  conditions  are  reached,  rate 
of  polymerization  is  the  same  regardless  the  concenuation  of  initiator. 
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Fig.  I.  Kinetks  of  bulk  polymerization  of  styrene  at  120*C  with  BPO/AIBN  & 
rrEMPO]o*O.01M. 
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Fig.  2.  Kinetics  of  bulk  polymerization  of  styrene  «  I20*C  with  BPO/AIBN  A 
(TCMPOlo<^.03M. 

Molecular  weights  of  polymers  prepared  with  higher  concenuation 
of  TEMPO  (0.03  M)  grow  linearly  with  conversion,  and  regardless  of  the 
presence  and/or  nature  and  the  concentration  of  the  initiator  correspond  to 
the  number  of  chains  equal  to  the  concentration  of  the  scavenger. 
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H(.  3.  Mn  values  in  the  bulk  polymeriialaaa  of  ayiene  at  I20*C  with  BPCVAIBN  A 
(TEMFOIo-0.03M. 

The  amount  of  BPO  equimoUr  to  TEMPO  produces  an  excess  of 
radicals,  as  observed  in  the  initial  fast  step  in  Fig.2.  Apparently,  the 
efficiency  of  initiaiian  with  BPO  is  higher  than  with  AIBN  and  exceeds 
S0%.  During  this  fust  non-station^  period,  the  free  radicals  propagate 
fast  but  must  still  exchange  efficiently  with  dormant  species  bMause 
mdtecular  weights  at  the  initial  stages  sre  much  lower  than  those  in  a 
purely  thermal  process  (Ma-200,000).  The  products  from  the  ftrst  non- 
statioiiary  stage  have  hitter  molecular  weights.  The  value  of  molecular 
weights  at  the  peak  maximum  in  this  system  initially  increases  fast  but 
then  reaches  asymptotically  the  theoretical  dependence. 

The  prreence  of  the  non-statiaaaty  pmod  for  systems  with  higher 
concentration  of  initiaton  leads  also  to  higher  polydispersities  which 
decrease  with  the  reaction  progress.  On  the  odier  hand,  the  polydispersities 
of  polymmptepared  with  less  than  equimolar  amount  of  radicals  increase 
subtly  with  convenion  to  the  value  <rf  Mft/Mn  ••  1 .3.  This  can  be  ascribed 
either  to  small  propoRion  of  tiansfer  or  to  the  slow  continuos  generation  of 
radicals  in  the  thetinal  initiation  process. 
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Pig.4  FMyiiupeisiua  in  the  boBi  poljnnnuaaaa  of  nyiene  at  I20*C  with  BPCVAIBN  A 
|TEMPOIo>Oi)3M. 

I^ymerizations  performed  in  the  presence  of  lower  concentration 
of  TEMPO  are  not  as  well  controlled  and  provide  additional  information 
on  the  behavior  in  this  ssrstem.  In  the  presence  of  the  excess  of  radical 
initiator.  Mn  values  no  longer  correspond  to  the  number  of  scavenger 
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R|.  J  Mn  values  in  the  bulk  poiymcnzation  of  styrene  at  I2(n:  with  BPCVAIBN  A 
ITEMPOIo>O.OtM. 


Neveitheless,  the  number  of  the  growing  chains,  both  in  the 
dormant  and  active  form  is  defined  by  the  concentration  of  the  scavenger. 
This  is  shown  below  by  the  increase  of  the  Mnak  values  with  conversion. 
Chains  produced  in  excess  to  scavenger  have  bm  terminated  early  during 
the  process  and  only  those  capped  in  the  form  of  alkoxyamines  can  be 
reversibly  activated  to  grow.  Some  deviations  from  the  theoretical 
behavior  can  be  ascribed  to  the  fast  non  stationary  period,  tranrfer  and  to 
the  slow  continuos  generation  of  radicals  in  the  thermal  initiation  process. 
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Fig.  6  Mpeak  values  in  the  bulk  potymcrizaiian  of  stymie  at  I20°C  with  BPCVAIBN  A 
rrEMro)o>«.oiM. 

At  lower  concentration  of  TEMPO,  polydispersitiesare  are  higher 
because  of  the  stronger  deviations  ftom  the  ideal  system. 

It  seems  that  the  controlled  polymerization  of  styrene  in  the 
presence  of  nitroxyl  radicals  occurs  regardless  of  the  source  of  the 
radicals.  Radicals  may  be  formed  by  the  spontaneous  thormal  initiation,  by 
the  redox  process  (Bro,  this  is  less  important  at  120°C),  or  by  the  thermal 
decomposition  of  the  initiator  (AIBN,  and  also  BPO>.  The  amount  of  the 
scavenger  controls  the  polymerization  rates  and  molecular  weights, 
especially,  Mpeak  values.  On  the  other  hand,  the  amount  of  the  initiator 
regulates  the  mduction  periods  and  if  used  in  the  excess  over  scavenger  it 
also  affects  Mg  but  not  Mpeak  values.  Polydispenities  remain  relatively 
low  and  in  some  cases  they  decrease  with  conversion  investing  that  the 
exchange  reactions  are  slow  in  comparison  with  propagation.  These 
exchange  reactions  may  include  both  unimolecular  and  bimolecular 
processes.  It  seems  that  reactions  at  lower  temperatures  provide  polymers 
with  higher  polydispersities  because  the  exchange  reactions  are  not  fast 
enough.  On  the  other  hand,  at  higher  temperatures  the  spontaneous 
initiation  and  transfer  reactions  may  play  more  important  role.  It  is 
important  to  accelerate  the  exchange  reactions  by  modification  of  the 
structure  of  nitroxyl  radicals,  additives,  solvents  and  to  control 
spontaneous  thermal  initiation  process. 
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